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Abstract 
TNO has developed a software tool that supports the design of a risk-based monitoring plan for a CO2 storage site. The purpose 
of the tool is to aid storage site operators by facilitating a structured monitoring technologies selection or evaluation process. The 
tool makes a selection this recommended monitoring technologies, based on a set of rules that link a monitoring technology to a 
particular risk factor or regulatory requirement. In our paper we describe conceptual framework of the tool and its functionality. 
The starting point of the tool is the selection of site-specific characteristics and scenarios which contain risk factors referred to as 
FEPs (Features, Events, and Processes). These FEPs are matched with monitoring technologies that fulfill a set of pre-specified 
requirements, for instance, related to performance criteria or operational costs. The tool is built around two databases: one 
consisting of risk factors and associated parameters and another one containing monitoring technologies and the information they 
provide. The database with the risk factors is the product of a TNO risk assessment methodology (CASSIF). The user-defined 
inputs for the monitoring plan development tool are site-specific characteristics and the scenarios which contain risk factors. Site 
characteristics are for instance the type of storage reservoir or the storage site location (e.g. on-shore or offshore). The individual 
risk factors in each scenario are then translated into measurement parameters, which are subsequently matched with the 
monitoring technologies. Additional information about the monitoring technologies can be displayed, depending on user 
preferences and requirements.   
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1. Introduction  
CO2 storage site operators are required to submit a monitoring plan as part of the regulatory requirements, such as 
a storage permit application. For instance, under the EU Storage Directive a monitoring plan, drawn up by the 
operator, and approved by the Competent Authorities [1], has to be in place at the start of a storage project. This 
monitoring plan should be risk based, and has to  provide details of the monitoring to be deployed at the main stages 
of the project, including baseline, operational, and post-closure monitoring. For each phase the plan has to specify:   
a. Parameters monitored; 
b. Monitoring technology employed and justification for technology choice; 
c. Monitoring locations and spatial sampling rationale; 
d. Frequency of application and temporal sampling rationale. 
 
The purpose of the monitoring planning tool is to support the development of a risk-based monitoring plan. The 
tool is built around a database containing risk factors and parameters and a database containing monitoring 
techniques and parameters. The tool is driven by the selection of site-specific characteristics and scenarios which 
contain risk factors, referred to as FEPs (features events and processes). These FEPs are linked to a monitoring 
technology that can provide information that is relevant for these risk factors and in addition meets certain 
requirements concerning performance or operational costs.  
The monitoring planning tool supports checking, or auditing, the monitoring options for the site operator against 
the risks identified and requirements in connection with the regulatory context. The software tool is set up as a 
decision tree, with control points allowing user choices. It guides the user from the risk assessment results to a set of 
suggested monitoring technologies.  
In our paper we will describe the underlying conceptual framework and illustrate the tool’s functionality. We will 
first describe how the tool is integrated into a risk assessment workflow. We will then discuss the functionality of 
the tool in detail and show how the software can be used to support the development or evaluation of a risk-based 
monitoring plan.   
2. The framework and concept for the monitoring plan development tool   
The tool has been designed to be an integral part of a risk management workflow. Its main input data are the 
outcome of  a site-specific risk assessment. The currently implemented workflow uses CASSIF (Carbon 
Sequestration Scenario Identification Framework [2]) to guide the risk assessment. The CASSIF approach is 
structured around the concept of Features, Events and Processes (FEPs) for qualitative risk assessments of CO2 
storage projects. The framework assists in describing and clarifying potential CO2 leakage scenarios. CASSIF is 
designed to perform a hazard analysis. This hazard analysis starts with the creation of a comprehensive inventory of 
site-specific risk factors (or FEPs), followed by a selection of the most critical factors. The FEPs are then grouped 
into discrete CO2 leakage scenarios. The methodology recognizes three major general leakage scenarios, associated 
with well, fault, or seal leakage, for the site specific risk factors have to be identified and described.  
The monitoring planning tool uses the significant FEPs as identified by CASSIF process as its main user defined 
input. From a risk management perspective, the tool gives the user to insight into which monitoring technologies are 
to be considered to relate a monitoring approach to a particular risk scenario. Figure 1 illustrates  the relation 
between the risk assessment and monitoring plan development tool.  
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Fig. 1. Work flow for development of a risk-based monitoring plan with the planning tool. 
The tool connects two databases. The first database is a list of FEPs, each of them linked to one or more 
parameters which can be measured to monitor that particular FEP. The second database consists of the monitoring 
technologies and the parameter they measure. After the user has selected the relevant FEPs, the tool connects the 
parameters of the FEPs and the monitoring technologies. Although this basic concept is straightforward, 
implementation is  not. The actual physical parameter measured with a certain monitoring technology often cannot 
be directly linked to a FEP, but only indirectly. Hence, the FEPs should also be connected to monitoring 
technologies that provide more indirect observations of that particular FEP. In addition, there is no straightforward 
way to unambiguously weed out monitoring technologies that are not feasible for a particular the site or FEP. This  
issues can be dealt with by using key words rather than (physical) parameters to connect FEPs with the appropriate 
monitoring technologies.  
The output of the tool is a scenario with a number of selected FEPs, their corresponding parameters (and/or key 
words), and a list of proposed monitoring technologies.  
 
 
 
Fig. 2. Flow chart of monitoring plan development tool. 
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In addition to selecting appropriate monitoring technologies, the tool provides additional detail, such as listing the 
parameters that are measured and a brief explanation of the type of information that can be derived from the 
measurements. Important features, such as the monitoring area (well, reservoir, storage site), the timing (for example 
pre-operational or operational), the frequency of measurements, and indications for costs, can also be listed. In 
addition, an extra column with remarks has been added, where additional information can be displayed, such as  
limitations of the technologies, information in connection with the EU regulative framework, and other relevant 
features, such as measurement accuracy or other performance indicators.  
The workflow has been implemented in Microsoft Excel but would be easily converted into a web-based 
monitoring planning tool.  
Table 1 gives an example of the output of the tool, consisting of the monitoring technologies, the parameters 
measured, and the additional information, such as monitoring area, timing and frequency, and a cost indication.  
Table 1. Example of the output of the monitoring planning tool. 
Monitoring 
technologies 
Physical 
parameter 
measured 
Informs 
about 
Monitoring 
area 
Timing Monitoring 
frequency 
Cost 
indication 
Maturity Remarks 
Differential 
pressure flow 
meters 
injection 
pressure 
flow rates local - well operational 
phase  
continuous low to 
moderate 
Standard Mandatory 
monitoring 
Temperature 
sensors 
temperature injected gas 
temperature 
local - well operational 
phase  
continuous low to 
moderate 
Standard Mandatory 
monitoring 
Distributed 
temperature 
sensing 
temperature temperature 
profiles 
local - well operational 
phase (in 
preoperational 
phase only 
baseline 
measurements) 
usually 
continues, or 
very often 
(Permanent 
Downhole 
Monitoring) 
low to 
moderate 
Standard DTS systems 
can locate the 
temperature to 
a spatial 
resolution of 1 
m with 
accuracy to 
within ±1°C at 
a resolution of 
0.01°C 
SPTG (Static 
P & T 
gradient) 
temperature reservoir 
pressure and 
temperature 
reservoir/ 
well 
pre-operational, 
operational and 
verification 
phase 
yearly low to 
moderate 
Standard   
 
2.1. Sources for input data   
The FEPs represent situations which could threaten the integrity of the CO2 storage site could ultimately result in 
leakage. The TNO FEP data base consists of 667 FEPs, while the online tool CASSIF makes use of the 83 most 
relevant FEPs. There are two main groups: Specific level FEPs and System level FEPs. Specific level FEPs are the 
ones affecting well, seal and fault integrity directly, while system level FEPs are of a more general nature, 
influencing a number of other issues (e.g., geochemical processes, geomechanical processes, thermal processes, 
etc.).  
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At this stage of development of monitoring tool, a ‘scenario’ consists of a list of FEPs, that are associated with a 
leakage scenario. It is possible to analyse several scenarios in parallel and compare the outcomes.  
The monitoring technologies have been selected from several existing databases and sources. Currently, there are 
three catalogues of monitoring technologies that are widely used: 
x BGS/IEA-GHG monitoring techniques catalogue [3] ;  
x NETL report: Monitoring, Verification and Accounting of CO2 Stored in Deep Geological Formations 
[4]; 
x NSBTF Catalogue of Monitoring tools [5]. 
We have found approximately 60 different monitoring technologies in these sources, from which we have 
selected 37 for our database. 
3. Examples of input and output screens 
Figure 3 gives an example of the input screen for the tool. The user selects a set of FEPs that belong to a 
particular risk scenario. If desired, the input screen also provides the list of monitoring technologies and the 
parameters and keyword that will link them to a particular FEP. The user can evaluate several scenarios, each with 
their corresponding FEP list, in parallel.  
 
 
 
Fig. 3. Input sheet of monitoring plan development tool.  
 
Figure 4 shows a typical output screen of the tool. For three scenario, the tool produces a list of proposed 
monitoring technologies and the FEP they have been linked to. Another type of output is shown in Fig. 5, which is a 
ranked list of monitoring technologies. In this example, the monitoring technologies are ranked according to the 
number of individual risk factors they have been linked to. Also other ranking schemes can be implemented in the 
tool, for instance facilitating a cost-benefit analysis.  In addition, it is possible to let the tool list the monitoring 
parameters that are mandatory within the regulatory context for which the plan is to be developed. The tool then 
separately outputs a set of proposed monitoring technologies to address the mandatory monitoring requirements.   
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Fig. 4. Output screen of the monitoring plan development tool, showing the monitoring technologies and related FEPs.  
 
 
Fig. 5. Output screen of the monitoring plan development tool, showing the monitoring technologies ranked by the number of risks they relate to 
and separate output showing suggested monitoring technologies for monitoring mandatory parameters. 
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4. Conclusions 
CO2 storage project operators are required to submit a monitoring plan as part of the regulatory requirements for 
license applications and approvals. For instance, the EC Guidance document [1] prescribes that a monitoring plan is 
to be drawn up by the operator and approved by the Competent Authorities. This monitoring plan should be risk 
based. To facilitate the process of developing a risk-based monitoring plan, we have developed a software tool that 
produces an annotated list of recommended monitoring technologies. The tool has been designed function as part of 
a workflow that starts with a risk and safety assessment based on the CASSIF process [2]. As such, the tool can be 
considered to be an element of a larger risk management framework. Within this framework, the main role of the 
tool is to aid in translating the outcomes of a site-specific risk assessment into recommendations for a monitoring 
plan. 
Simulation runs with the tool, using risk assessments and monitoring plans from several large scale CO2 storage  
projects, have shown that the tool can consistently reproduce the main components of a comprehensive monitoring 
plan. As a result, we expect that our tool will evolve into an effective and widely used tool for the development of a 
monitoring plan for a CO2 storage site.  
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